Parameter sensitivity of full-order flux observers for induction motors by Hinkkanen, Marko & Luomi, Jorma
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.
Author(s): Hinkkanen, M. & Luomi, J.
Title: Parameter sensitivity of full-order flux observers for induction motors
Year: 2003
Version: Post print
Please cite the original version:
Hinkkanen, M. & Luomi, J. 2003. Parameter sensitivity of full-order flux observers for
induction motors. IEEE Transactions on Industry Applications. Volume 39, Issue 4.
1127-1135. ISSN 0093-9994 (printed). DOI: 10.1109/tia.2003.814560.
Rights: © 2003 Institute of Electrical & Electronics Engineers (IEEE). Personal use of this material is permitted.
Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works,
for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other
work.
All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that material may
be duplicated by you for your research use or educational purposes in electronic or print form. You must
obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or
otherwise to anyone who is not an authorised user.
Powered by TCPDF (www.tcpdf.org)
1Parameter Sensitivity of Full-Order Flux Observers
for Induction Motors
Marko Hinkkanen and Jorma Luomi
Abstract—This paper deals with flux estimation for induction
motor drives. The equations of the parameter sensitivity of both
the rotor flux estimation and the torque production are derived
for a full-order flux observer. Based on the parameter sensitivity
analysis, practical methods of designing robust observer gains
combining the current model and the voltage model are proposed.
The proposed gains are easy to tune and lead to a simple
observer structure. Experimental results show that for inaccurate
parameter estimates, both the steady-state and dynamic errors
in the produced torque are small as compared to the current
model. Furthermore, high-speed operation is possible without
modelling the magnetic saturation even if motor parameters are
highly erroneous.
Index Terms—Induction motors, full-order flux observer, pa-
rameter sensitivity.
I. INTRODUCTION
High-performance field orientation control of induction mo-
tors requires flux estimation. A flux estimator is a dynamic
model of the motor requiring estimates of motor parameters. A
problem is that actual parameters of the motor vary with tem-
perature (resistances) and magnetic saturation (inductances).
Inaccurate motor parameters may cause input-output torque
nonlinearity and saturation of the motor [1]. Consequently, the
flux estimator should be as insensitive to varying parameters as
possible. The parameter sensitivity of both the flux estimation
and the torque production for the conventional indirect field
orientation control was analyzed in [1]. The parameter sensi-
tivities of the usual reduced-order flux observers used in direct
field orientation control were compared in [2], and an observer
combining the current and voltage models was proposed.
The full-order flux observer [3], [4] is a versatile flux
estimator for both speed-sensored and speed-sensorless drives.
It offers good performance and robustness against measure-
ment noise. An observer gain determines the properties of
the observer. The selection of the observer gain has a major
influence on the parameter sensitivity of the observer.
This paper presents the steady-state parameter sensitivity
analysis of both the flux estimation and the torque production
for rotor flux orientation controlled drives using a full-order
flux observer. Based on the analysis, simple methods to
determine robust observer gains combining the current model
and the voltage model behavior are proposed. The observer
using the proposed gain is studied by means of analysis and
experiments.
II. INDUCTION MOTOR MODEL
The parameters of the dynamic inverse-Γ-equivalent circuit
of an induction motor are the stator resistance Rs, the rotor
resistance RR, the stator transient inductance L
′
s, and the
magnetizing inductance LM . The electrical angular speed of
the rotor is denoted by ωm, the angular speed of the reference
frame ωk, the stator current space vector is, and the stator
voltage us. When the stator flux ψs and the rotor flux ψR are
chosen as state variables, the state-space representation of the
induction motor becomes
x˙ =
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where the state vector is x = [ψ
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R
]T , and the parameters
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′
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where p is the number of pole pairs and the complex conjugate
is marked by the symbol ∗.
III. FULL-ORDER FLUX OBSERVER
A. General Reference Frame
Conventionally, the stator current and the rotor flux are
used as state variables in full-order flux observers. However,
choosing the stator and rotor fluxes as state variables is
preferred since no inductance derivatives are needed and the
modelling of magnetic saturation becomes simpler. In addition,
the observer could be used with stator flux orientation control
or direct torque control [5] as well as with rotor flux orientation
control. The full-order flux observer using the fluxes as state
variables is defined by
˙ˆx = Aˆ xˆ+Bus + L(is − iˆs) (3a)
iˆs = Cˆxˆ (3b)
where the observer state vector is xˆ = [ ψˆ
s
ψˆ
R
]T , and the
system matrix and the observer gain are
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respectively, where the estimates are marked by the symbol ˆ.
2B. Implementation in the Estimated Flux Reference Frame
The reference frame of the observer (3) can be selected
freely. The full-order flux observers are often implemented
in the stator reference frame, i.e., ωk = 0 (direct rotor flux
orientation). The observer can also be implemented in the
estimated rotor flux reference frame, i.e., ψˆ
R
= ψˆR + j0 and
ωk = ωˆs, where ωˆs is the angular speed of the estimated rotor
flux. The observer (3) divided into components in the selected
reference frame becomes
˙ˆ
ψsd = − 1τˆ ′
s
ψˆsd + ωˆsψˆsq +
1
τˆ ′
s
ψˆR + usd+lsdi˜sd−lsq i˜sq (4a)
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where
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(4d)
i˜sq = isq − iˆsq = isq − ψˆsq
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(4e)
and the entries of the observer gain are divided into real and
imaginary components: ls = lsd + jlsq and lr = lrd + jlrq.
The angular speed of the estimated rotor flux is solved from
(3) by using the fact that the imaginary component of ψˆ
R
is
zero:
ωˆs = ωm +
1−σˆ
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r
ψˆsq + lrdi˜sq + lrq i˜sd
ψˆR
(4f)
and the angle ϑˆs of the estimated flux is obtained simply by
integrating ωˆs. It is worth noting that the implementation (4)
of the observer resembles the conventional indirect rotor flux
orientation, see also [6]. A computationally efficient digital
implementation of (4) is given in the Appendix.
IV. PARAMETER SENSITIVITY ANALYSIS
A. Steady State
1) Flux Estimation: The parameter sensitivity of the flux
observers can be analyzed by means of the steady-state ex-
pression for ψˆ
R
/ψ
R
[2]. The following steady-state relations
are obtained by inserting d/(dt) = 0 and ωk = ωs into (1)
and (3), where ωs is the angular stator frequency. The relation
between the stator voltage and the stator current is
is =
τ ′s
L′s
σ + jωrτ
′
r
σ − ωsωrτ ′sτ ′r + j (ωsτ ′s + ωrτ ′r)
us (5)
and between the stator voltage and the rotor flux
ψ
R
=
(1− σ) τ ′s
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where the angular slip frequency is ωr = ωs − ωm. The
expression for the estimated rotor flux is given in (7). The
desired relation ψˆ
R
/ψ
R
is obtained by inserting (5) into (7)
and then dividing both sides of (7) by (6). Relations for other
estimators and observers as well as comparisons of various
observers can be found in [7]–[9].
The relation ψˆ
R
/ψ
R
can also be used in the case of speed-
sensorless drives, where the observer (3) is augmented with
a speed-adaptation law. The slip frequency ωr in (7) should
be replaced with its estimate ωˆr = ωs − ωˆm, where the speed
estimate ωˆm is a steady-state solution of the speed-adaptation
law and can be obtained, e.g., by using iteration [10].
It is interesting to consider two important flux estimators,
the current model and the voltage model, as two special cases
of the full-order flux observer (3). A real-valued observer gain
is considered, i.e., ls = ls and lr = lr. The current model is
obtained by choosing the observer gain
ls ≥ −Rˆs = − Lˆ
′
s
τˆ ′s
, lr = RˆR =
(1− σˆ)Lˆ′s
τˆ ′r
(8)
yielding the relation
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where the rotor time constant is τr = LM/RR. Equation (9)
equals to the result given in [2] for the current model. The
voltage model behavior is obtained by choosing
ls = −Rˆs, lr → −∞ (10)
where the sign of lr is chosen according to stability conditions.
In practice, it is sufficient to choose lr considerably smaller
than ls. In order to avoid pure integration, ls should be chosen
slightly larger than −Rˆs. Equation (10) leads to the relation
ψˆ
R
ψ
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= 1 +
1 + jωrτr
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(
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Rs − Rˆs
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)
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which equals to the result given in [2] for the voltage model.
2) Torque Production: If the drive is operated in the torque
mode, i.e., the speed-control loop is disabled, the accuracy
of the produced torque is crucial. Parameter sensitivities of
the flux estimation and torque production are closely related
as will be shown. A typical rotor flux orientation control
scheme is shown in Fig. 1. The magnitude of the rotor flux
estimate is controlled by using a flux controller, and the angle
of the flux estimate is used in the coordinate transformation.
Consequently, the reference of the rotor flux is ψ
R,ref
= ψˆ
R
in the steady state. In the following, the d-axis of the reference
frame is fixed to the actual rotor flux of the motor as shown
in Fig. 2. The actual flux is real, i.e., ψ
R
= ψR. The flux
estimate can be written as
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is the angle between
the estimated flux and the actual flux. If the current regulation
is assumed to be ideal, the reference torque is
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Fig. 1. Rotor flux orientation control. The electrical variables shown on
the left-hand side of the coordinate transformations are in the estimated rotor
flux reference frame and the variables on the right-hand side are in the stator
reference frame. If the observer is implemented in the stator reference frame,
the complex-valued inputs of the observer are taken from the right-hand side
of the coordinate transformations.
Fig. 2. The actual rotor flux of the motor, the estimated flux, and the stator
current.
since isq/isd = ωrτr in the reference frame of the actual
rotor flux. The torque error can thus be easily determined if
the relation ψˆ
R
/ψ
R
is known. When the observer gain (8)
yielding the current model is chosen, the relationship (14)
corresponds to the well-known result in [1] derived for the
conventional indirect field orientation control (where neither
the flux magnitude estimation nor the flux regulator are used).
The parameter sensitivity of the torque production of the direct
field orientation using the current model is equal to that of the
conventional indirect field orientation.
B. Dynamics
The dynamics of the estimation error e = x− xˆ of the state
vector can be written based on (1) and (3)
e˙ =
(
Aˆ− LCˆ)e+∆Ax − L∆Cx (15)
where the error matrices are ∆A = A−Aˆ and ∆C = C−Cˆ.
In practice, dynamic analysis of the system (15) including
parameter errors becomes cumbersome. Consequently, the
effect of parameter errors on dynamics are studied using
computer simulations and experiments.
The rotor speed can be assumed to be constant if the
mechanical dynamics are much slower than the electrical
dynamics. The dynamics of the system without parameter
errors (∆A = 0, ∆C = 0) can then be easily analyzed since
the system (15) becomes linear.
V. OBSERVER GAIN DESIGN
An observer gain can be determined based on the steady-
state parameter sensitivity analysis. If presumable parameter
errors are small, even a constant real-valued observer gain
giving a compromise between the current model and the
voltage model may be sufficient. If large parameter variations
are assumed to occur, it is reasonable to vary the observer gain
as a function of the rotor speed.
At low speeds, the robustness of the current model against
inaccurate parameter estimates is better than that of the voltage
model, whereas the voltage model is better at high speeds
[2]. The observer gain combining the current model and the
approximate voltage model can be easily formed based on (8)
and (10). This combination can be achieved even if the simple
gain component ls = 0 is used, leading to
ls = 0 (16a)
lr =


lr1 if |ωm| ≤ ω∆1
lr2−l
r1
ω∆2−ω∆1
(|ωm| − ω∆1) + lr1 if ω∆1 < |ωm| < ω∆2
lr2 if |ωm| ≥ ω∆2
(16b)
where the possibly complex-valued parameter lr1 determines
the contribution of the current model at low speeds and the
real-valued parameter lr2 determines the contribution of the
voltage model at higher speeds. Parameters ω∆1 and ω∆2
determine the transition region between the (possibly approx-
imate) current model and the approximate voltage model.
The stability of the system without parameter errors was
studied by analyzing the eigenvalues of Aˆ− LCˆ. Stability is
guaranteed by choosing
lr1 = [kd + jkq sign(ωm)] RˆR (16c)
where kd ≤ 1 and kq ≥ 0. The selection of the parameters kd
and kq will be discussed in the following subsections.
In this paper, the motor parameters of a 2.2-kW four-pole
induction motor given in Table I are used. The parameters of
(16) are ω∆1 = 0.5 p.u., ω∆2 = 1 p.u., and lr2 = −RˆR. The
most widely used flux estimators, the current model and the
voltage model, are used as benchmarks for the parameter sen-
sitivity graphs. The proposed observer gain design principles
can be applied to any induction motor, but some fine tuning
of the parameters of (16) may be needed.
A. Real-Valued Gain
The pure current model behavior at low speeds is obtained
by selecting lr1 = RˆR, leading to the gain components shown
4Fig. 4. Parameter sensitivities using the observer gain (16) with lr1 = RˆR are shown by the continuous lines: (a) Rˆs = 0.5Rs, (b) RˆR = 0.5RR , (c)
LˆM = 0.5LM . The parameter sensitivities of the voltage model (a) and the current model (b,c) are shown by the dashed line. The slip corresponds to the
rated-load torque in perfect field orientation.
TABLE I
PARAMETERS OF THE 2.2-KW FOUR-POLE 400-V 50-HZ MOTOR.
Fig. 3. An example of the observer gain for combining the current model and
the approximate voltage model. Real-valued gain components (ls = ls = 0,
lr = lr).
in Fig. 3. Fig. 4 shows examples of the parameter sensitivities
when the slip frequency corresponds to the rated-load torque
in perfect field orientation. It can be seen that the observer is
equal to the current model at low speeds, whereas it behaves as
an approximate voltage model at high speeds. The full-order
flux observer using the real-valued gain has a simple structure
and is easy to tune. Sensitivity to the stator transient inductance
L′s is not shown since both the voltage model and the observer
using the proposed gain are comparatively insensitive to L′s.
Even though the parameter sensitivity in the regeneration
mode has usually not been studied [2], [7], the regeneration
mode operation generally suffers more under erroneous pa-
rameters than the motoring mode operation. This can also be
seen, e.g., in Fig. 4(b). However, the pure current model is an
exception: the steady-state parameter sensitivities in both the
regeneration and motoring modes are similar as can be seen
from Figs. 4(b,c).
B. Complex-Valued Gain
If some of the stator dynamics are taken into account also at
low speeds, sensitivity to the rotor parameters can be reduced
without causing too much sensitivity to the stator parameters.
In the motoring mode operation, good results are obtained
simply selecting lr1 < RˆR, e.g., lr1 = 0.8RˆR. However, the
regeneration mode operation is more problematic, especially
in case of small motors. When |ωm| = 0 . . . ω∆1 in the
regeneration mode and lr1 < RˆR is selected, the sensitivity
to the rotor resistance increases compared to the selection
lr1 = RˆR.
The observer gain is not restricted to be real. The behavior
in the regeneration mode can be remedied by means of the
imaginary part of the parameter lr1 in (16c). For the 2.2-kW
motor, the parameters kd = 0.8 and kq = 0.2 are suitable: the
parameter sensitivity in the regeneration mode decreases and
the motoring mode behavior remains approximately same as
without the imaginary part. The parameter sensitivity graphs
are shown in Fig. 5. As desired, the sensitivity to the rotor
parameters at low speeds is reduced, compared to Fig. 4.
VI. CONTROL SYSTEM
The observer using the proposed gain (16) with kd = 0.8
and kq = 0.2 was investigated experimentally, using the
current model as a benchmark. The control system was based
on rotor flux orientation. The system shown in Fig. 1 was
supplemented with a speed controller in some experiments.
The digital implementation of the observer is given in the
5Fig. 5. Parameter sensitivities using the observer gain (16) with kd = 0.8, kq = 0.2 are shown by the continuous lines: (a) Rˆs = 0.5Rs, (b) RˆR = 0.5RR,
(c) LˆM = 0.5LM , (d) Rˆs = 1.5Rs, (e) RˆR = 1.5RR, (f) LˆM = 1.5LM . The parameter sensitivities of the voltage model (a,d) and the current model
(b,c,e,f) are shown by the dashed line. The slip corresponds to the rated-load torque in perfect field orientation.
Appendix. The base values are: angular speed 2pi · 50 s−1,
current
√
2 · 5.0 A, flux 1.04 Wb, and torque 21.4 Nm.
A PI-type synchronous-frame current controller [11], [12]
including the decoupling of the back-emf voltages was used.
The bandwidth of the current controller was 8 p.u. The speed
controller was a conventional PI-controller having the band-
width of 0.24 p.u. The flux controller was a PI-type controller
including a feedforward path [13]. The bandwidth of both the
feedforward path and the feedback loop of the flux controller
was 0.08 p.u. The conventional 1/ωm-field-weakening scheme
was used. The slip was limited to the pull-out slip at very
high speeds. The field-weakening point was at the rotor speed
0.85 p.u. and the rotor flux in the base-speed region was
0.87 p.u. The magnitude of the stator current was limited to
1.5 p.u.
The sampling was synchronized to the modulation, and both
the switching frequency and the sampling frequency were
5 kHz. The dc-link voltage was measured, and the reference
stator voltage obtained from the current controller was used
for the flux observer. Constant-valued motor parameters were
used, the value of LˆM corresponding to the base-speed region.
VII. EXPERIMENTAL RESULTS
The experimental setup is shown in Fig. 6. The 2.2-kW
four-pole induction motor (Table I) was fed by a frequency
converter controlled by a dSpace DS1103 PPC/DSP board.
The measured rotor speed was used as feedback signal for the
control. The shaft torque measured using a HBM T10F torque
flange was used only for monitoring.
A. Steady State
A sufficiently slow speed reversal can be considered as
steady-state operation from the flux observer’s point of view.
The steady-state behavior of the observer was studied using the
torque mode control, the torque reference being set to the rated
torque. The speed of the rotor was ramped from −1 p.u. to
1 p.u. in one minute using the loading machine. The reference
torque Te,ref is compared to the measured shaft torque Tm.
An example of the experimental waveforms obtained using
the full-order observer and measured parameters is shown in
6Fig. 6. The experimental setup. The PM servo motor was used as loading
machine. The measured shaft torque Tm was used only for monitoring.
Fig. 7. Experimental results showing steady-state operation in the torque
mode. The observer using the proposed gain and the measured motor
parameters is used. The first subplot shows the measured speed. The second
subplot shows the d (lower) and q (upper) components of the stator current
in the estimated rotor flux reference frame. The third subplot presents the
magnitude of the estimated rotor flux. The last subplot shows the reference
torque divided by the measured shaft torque.
Fig. 7. Since the mechanical losses are not compensated, there
is a small difference in the measured shaft torque between the
motoring and regeneration modes. The results for the current
model with measured parameters are similar to Fig. 7.
Fig. 8 shows the ratio of the reference torque to the
measured shaft torque for the current model under erroneous
parameters. The results differ from the parameter sensitivity
graphs shown by the dashed lines in Figs. 4(b,c). There are
two main causes for the differences between the results of this
experiment and the graphs based on the analytical relations.
Firstly, the reference torque is kept constant but the slip varies
according to the parameter errors. The parameter sensitivity
graphs correspond to the constant slip. Secondly, due to mag-
netic saturation, the estimate of the magnetizing inductance
LˆM may become highly erroneous due to the errors in other
parameters. The measured magnetizing curve of the 2.2-kW
motor as a function of the rotor flux magnitude is depicted
in Fig. 9. When the magnitude of the flux is inaccurately
estimated, the magnitude of the actual flux does not correspond
Fig. 8. Experimental results showing the ratio of the reference torque to
the measured torque for the current model under erroneous parameters. The
measurement was similar to that of Fig. 7. The magnetizing inductance LM0
is the measured value corresponding to the base-speed region.
Fig. 9. Measured magnetizing inductance of the 2.2-kW motor. The base
value of the flux is 1.04 Wb and LM0 = 0.224 H.
to its reference (or its estimate). Consequently, the estimate of
the magnetizing inductance LˆM becomes erroneous (even if
the magnetizing curve would be accurately modelled).
In the first subplot of Fig. 8, the slip in the base-speed
region is half of the value corresponding to the perfect field
orientation due to RˆR ≈ 0.5RR. The actual flux is larger
than its estimate (cf. Fig. 4(b)) and, consequently, the actual
magnetizing inductance becomes smaller, i.e., LˆM > LM . Due
to these changes, the produced torque is actually smaller than
its reference. This can also be verified by using analytical
relations.
In the regeneration mode before t = 5 s, the slip frequency
changes due to the field weakening. The increased slip also
makes the produced torque larger in that region. In the
motoring mode after t = 55 s, the slip would also increase due
to the weakened flux but all the available voltage is in use due
to incorrect flux estimation (at the same speed, more voltage is
required in the motoring mode than in the regeneration mode).
Consequently, the actual q-component of the stator current
cannot be controlled to its reference, and both the slip and
the torque decrease.
In the second subplot of Fig. 8 (LˆM ≈ 0.75LM ), the result
corresponds better to the parameter sensitivity graphs. The slip
in the base-speed region corresponds to the value of the perfect
field orientation. However, the actual flux is larger than its
estimate and, consequently, the actual magnetizing inductance
7Fig. 10. Experimental results showing the ratio of the reference torque to the
measured torque for the full-order flux observer under erroneous parameters.
The measurement was similar to that of Fig. 7.
becomes smaller, i.e., LˆM > 0.75LM , thus reducing the
torque error. The experiment could not be performed with
LˆM ≈ 0.5LM . The produced torque became too large due
to incorrect field orientation, and the braking resistor of the
induction motor drive was not able to dissipate the energy
produced in the field weakening region.
Fig. 10 shows the ratio of the reference torque to the
measured shaft torque under erroneous parameters when the
full-order flux observer is used. The results correspond well
to the parameter sensitivity graphs in Fig. 5 except when the
observer behaves like the approximate current model. The
reasons for the differences are the same as explained earlier
for the current model. Using the observer with the proposed
gain, the experiment with LˆM ≈ 0.5LM was possible since
at higher speeds, the error in the produced torque was much
smaller.
It is worth noting that the results of the parameter sensitivity
graphs can be reproduced by controlling the slip to the value
used in these graphs. In addition, the model of magnetic
saturation of LˆM is needed. This kind of simulations and
experiments were carried out, and they showed excellent
correspondence with the analytical results.
B. Dynamics
The dynamic behavior was studied using the speed mode
control. Figs. 11 to 13 show experimental results obtained
using erroneous parameter estimates. The speed reference was
initially set to zero and it was increased every third second
by a step of 0.2 p.u. until the speed 1 p.u. was achieved.
Furthermore, using the loading machine, a rated load torque
step (duration of one second) was applied every third second.
The first load-torque step was applied at t = 1 s and the
first speed reference step at t = 3 s. The reference torque
Te,ref produced by the speed controller was compared to the
measured shaft torque Tm.
Experimental results for the current model with RˆR ≈
0.5RR are shown in Fig. 11. During the load torque steps,
there are large steady-state and dynamic errors between the
Fig. 11. Experimental results showing dynamic operation of the current
model, RˆR ≈ 0.5RR. The first subplot shows the measured speed (solid) and
the speed reference (dashed). The second subplot presents the torque reference
(solid) and the measured shaft torque (dashed). The third subplot shows the
magnitude of the estimated rotor flux (solid) and its reference (dashed).
Fig. 12. Experimental results showing dynamic operation of the observer
using the proposed gain, Rˆs ≈ 0.5Rs. The explanations of the curves are as
in Fig. 11.
measured shaft torque and the reference torque. At low speeds,
however, the speed controller forces the produced torque
to equal the applied load torque. In the field-weakening,
there is not enough voltage to be used due to incorrect flux
estimation, and the speed cannot achieve its reference during
t = 16 . . . 17 s.
The observer using the proposed gain was used as the
flux estimator in Figs. 12 and 13. Both the steady-state and
dynamic errors between the measured torque and the reference
torque are much smaller than in Fig. 11. The reference speed
is achieved during the field weakening because of parameter
insensitive flux estimation. It can also be noticed that a
transition between the approximate current and voltage models
is smooth.
High-speed operation under erroneous parameters is demon-
strated in Fig. 14. The estimates of the resistances were
Rˆs ≈ 0.5Rs and RˆR ≈ 0.5RR. Furthermore, the estimate of
the magnetizing inductance LˆM was fixed to the base speed
8Fig. 13. Experimental results showing dynamic operation of the observer
using the proposed gain, RˆR ≈ 0.5RR. The explanations of the curves are
as in Fig. 11.
Fig. 14. Experimental results showing high-speed operation of the observer
using the proposed gains, Rˆs ≈ 0.5Rs, RˆR ≈ 0.5RR, and constant LˆM
corresponding to the base speed region. The first subplot shows the measured
speed (solid) and its reference (dashed). The second subplot shows the d and
q components of the stator current (solid) and their references (dashed) in the
estimated rotor flux reference frame. The third subplot presents the magnitude
of the estimated rotor flux (solid) and its reference (dashed).
region value. During field weakening, there is a large error
between the increased actual magnetizing inductance LM (Fig.
9) and its constant-valued estimate LˆM . The speed reference
was stepped from zero to 5 p.u. at t = 0.5 s. Since the
PM servo acting as the loading machine cannot stand speeds
above 2 p.u., it was replaced with an equal inertial mass in
this experiment. The drive is operating in the overmodulation
region even in the steady state due to high mechanical losses.
It can be seen that high-speed operation is possible with
highly erroneous motor parameters and without modelling
the magnetic saturation. The noise in the current components
originates from the overmodulation.
VIII. CONCLUSIONS
The parameter sensitivity of the full-order flux observers
can be analyzed using analytical relations derived in the
paper. The connection between the full-order flux observer
and the current and voltage models was clarified. Based on the
parameter sensitivity relations, practical methods of designing
robust observer gains combining the current model and the
voltage model are proposed. Parameter sensitivity studies both
in the regeneration and motoring modes show that the desired
combination of the current and voltage models was achieved.
Proposed gains are easy to tune and lead to a simple structure
of the observer.
Experimental results obtained using the observer with the
proposed gain show that both the steady-state and dynamic
errors in the produced torque under erroneous parameters are
small as compared to the current model. Running out of the
voltage at higher speeds (caused by the saturation of the motor
due to inaccurate flux estimation) was not a problem. High-
speed operation was possible with highly erroneous motor
parameters and without modelling the magnetic saturation.
APPENDIX
DIGITAL IMPLEMENTATION
The full-order flux observer discretized using the conven-
tional forward Euler method becomes unstable at high speeds.
The problem can be circumvented using two reference frames:
the stator reference frame for the stator dynamics and the rotor
reference frame for the rotor dynamics [14]. A simpler method
is adopted here. The observer (4) is discretized as:
ψˆk+1sd = ψˆ
k
sd + Ts
(
− 1
τˆ ′
s
ψˆksd + ωˆ
k
s ψˆ
k
sq +
1
τˆ ′
s
ψˆkR + u
k
sd
+ lsd i˜
k
sd − lsq i˜ksq
) (17a)
ψˆk+1sq = ψˆ
k
sq + Ts
(
−ωˆks ψˆk+1sd − 1τˆ ′
s
ψˆksq + u
k
sq
+ lsd i˜
k
sq + lsq i˜
k
sd
) (17b)
ψˆk+1R = ψˆ
k
R+Ts
(
1−σˆ
τˆ ′
r
ψˆk+1sd − 1τˆ ′
r
ψˆkR+lrdi˜
k
sd−lrq i˜ksq
)
(17c)
ωˆk+1s = ω
k
m +
1−σˆ
τˆ ′
r
ψˆk+1sq + lrdi˜
k
sq + lrq i˜
k
sd
ψˆk+1R
(17d)
where Ts is the sampling period. In contrast to the forward
Euler method, the new values of the states are used when
available (except in the current errors for simplicity). This
method has similarities with [15] and it can be seen as a
mixture of the forward Euler and backward Euler methods.
Contrary to the forward Euler method, the old values of the
updated states need not to be preserved and the implementation
becomes simpler. Computer simulations with observer gains
giving different eigenvalues indicate that the stability region
of the method suits well for full-order flux observers. No
problems were encountered even at very high speeds (see also
Fig. 14).
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